Abstract-In general, ablative laser skin resurfacing procedures have shown good short-term efficacy. However, the mechanisms underlying laser skin resurfacing remain poorly understood. We performed a quantitative study to investigate the thermal response of skin to CO 2 laser irradiation. Raster scans were performed on an in vivo rat model and radiometric surface temperatures measured using a thermal camera. Temperatures approaching 400 C were measured during the scans and remained above the initial skin temperature for durations longer than ten seconds. Analysis of histology sections showed that the epidermis remained partially intact after three passes. To explain the observed trends in the temperature response and histology, the dynamics of optical and thermal parameters were investigated. Water vaporization played a key role in governing the response of the skin to subsequent laser passes. Char formation and pulse stacking altered the thermal effects.
hyperpigmentation can appear anytime from several days to several months postsurgery and last for months or even years. Hypopigmentation occurs less frequently, but some patients do exhibit a lightening of skin color in treated areas. Persistent erythema occurs in nearly all patients and resolves typically in six to eight months.
A more crucial problem is the highly subjective nature of laser resurfacing. Factors that may lead to disappointing results or to serious complications include patient-to-patient variability and the dependence on the surgeon's experience and technique. An operating protocol used successfully by one physician may prove to be inadequate or deleterious with another physician; quantitative explanation of any observed discrepancies is difficult.
These discrepancies are in part because laser-assisted skin resurfacing is a dynamic thermal event governed by the penetration of laser radiation into the tissue and the rate of heat generated by the absorption of the incident laser light. We believe that a better understanding of the optical and thermal response of skin to CO laser radiation will improve our understanding of clinical results. Any framework for analyzing the thermal response of skin to laser irradiation must include the effects of potential dynamic changes in tissue properties during treatment. Absorption of 10.6-m-wavelength radiation produces a rapid increase in temperature that is a function of the radiant exposure [J/cm of the laser spot and the local optical absorption coefficient [cm ] . The skin attributes that may change during the course of pulsed CO laser treatment and subsequently affect the thermal response are discussed below.
A. Dynamic Optical and Thermal Properties
Prior to onset of heat conduction and ablation, the surface temperature rise produced by a laser pulse with radiant exposure is [20] (
where is the local surface temperature rise [ C] , is the tissue density [g/cm , and is the specific heat [J/g C].
For infrared laser radiation, the primary optical and thermal properties in (1) depend upon the water content of skin [see (2) and (3) below]. The absorption coefficient for 10.6 m irradiation can be described as (2) 1077-260X/99$10.00 © 1999 IEEE is the water mass content and the waterindependent absorption coefficient of skin.
represents the absorption coefficient for fully dehydrated skin. In native skin, the water-dependent absorption coefficient is assumed to be sufficiently large to ignore the term in (2) ; in other words, for fully hydrated skin, . The water-content dependence of three key thermal parameters can be described as [21] (3a) (3b) (3c) where is the thermal conductivity [W/cm C]. Fig. 1 is a plot of the ratio [see (1) ] as a function of the tissue water content using (2) and (3a)-(3c). The absorption coefficient of water is assumed to be 848 cm at a wavelength of 10.6 m [21] . It can be seen that an increase in tissue water content results in an increase in Thus, for a situation in which (1) is valid and for a given radiant exposure , irradiation with a laser pulse will result in a higher temperature rise for hydrated than for dehydrated tissue.
The initial water content of viable epidermis and dermis is approximately 70% [22] . The water-content-dependent optical and thermal properties of native skin containing 70% water are listed in Table I .
Note that the temperature change described in (1) represents a maximum value for the peak surface temperature obtained at the end of the laser pulse. If heat conduction, water vaporization, or ablation occur during the pulse, then much of the deposited energy is dissipated and the peak temperature will be much lower than that given by (1).
B. Thermal Diffusion Time
The penetration depth of laser radiation in skin is about 20 m. The associated thermal diffusion time is (4) where is the characteristic length [mm] and the thermal diffusivity [cm /s]. When spot size diameters are much larger than it can be assumed that . Using the thermal properties of native skin (Table I) , the thermal diffusion time of hydrated skin is approximately 700 s. This value is much greater than the 100-s pulsewidth of the laser used in this study; however, there are other factors that lengthen the effective relaxation time beyond 700 s.
If the laser spot size is much larger than the penetration depth, the laser pulse can be approximated as an instantaneous infinite plane wave [23] . The surface temperature is instantaneously raised to a higher temperature. The temperature decay transient in degrees Celsius as a function of time and depth is described by (5) The solution of (5) at the penetration depth and at the corresponding thermal relaxation time gives
In a similar fashion, it can be found that at and is equal to . Thus, relatively high temperatures will occur at times considerably longer than the commonly cited 695-900-s diffusion time [24] , [25] for CO laser irradiation of skin.
In this paper, we set out to examine and quantify the effects of pulsed CO laser radiation in a series of in vivo temperature measurements. The thermal response of skin to irradiation is compared to the extent of subsequent damage depicted in histological sections. The physical results are discussed in terms of dynamic changes that may occur in the optical and thermal parameters of tissue.
II. MATERIALS AND METHODS
In vivo experiments were performed on "Fuzzy" rats (Harlan Sprague Dawley strain) anesthetized with a mixture of Ketamine and Rompun (4 : 3 ratio, 0.1 mL/100 g body weight). The depth of anesthesia was monitored periodically by checking heart rate, breathing rate, and the toe-pinch response. The hair on the backs and flanks of the rats was removed by shaving followed by application of a chemical depilator (Nair, Carter-Wallace, New York, NY).
Anesthetized "Fuzzy" rats were positioned on top of a heating pad. Multiple 3 cm 3 cm regions were marked on the flanks and irradiated with a TruPulse CO laser system (Tissue Medical Lasers, Albequerque, NM) with a square spot size of 9 mm . For the experiments, a pulse duration of 100 s and a repetition rate of 8 Hz were used. The laser spot was raster scanned in a continuous fashion by moving the handpiece across the skin until the entire 9-cm area was irradiated (Fig. 2) . The first row of the raster scan was irradiated by moving the beam from left to right, then the next row was irradiated by moving from right to left, etc. The top portion of the laser handpiece was replaced by a spacer to allow infrared emission from skin to reach the thermal camera. The tip of the spacer was at the focus of the laser beam and the operator attempted to keep it a constant distance from the skin during each scan. Approximately 10 s were required for the completion of each laser pass. Radiant exposures were either 2.4 or 3.9 J/cm . A maximum of three raster scans were applied to the same location, and time was provided after each pass (minimum of one minute) to allow the temperature of the irradiated skin to return to a baseline level. The skin was wiped firmly with saline-soaked gauze only after the first pass and not after the second pass. The raster scan pattern, the number of passes, and the wiping protocol were performed in accordance with a recommended clinically used technique.
Surface temperatures were measured during the entire irradiation sequence with a 3-5-m band-limited thermal camera (Inframetrics Model 600L, Billerica, MA). Images were acquired at standard video rates of 30 frames per second (60 fields per second). The image seen on the video display (i.e., one frame) was actually the combination of two fields separated in time by 16.7 ms. A close-up lens provided a working distance of 9.5 in and a field of view of approximately 3 cm 3 cm. Internal calibration of the thermal camera compensated for the presence of external optics. The emissivity of human skin was assumed to be 1.0 [26] . Thermal . Only a few remnants of desiccated epidermal fragments (small arrow) remain attached to the exposed coagulated dermal surface. Round water vapor vacuoles distort the epidermis and underlying superficial dermis (large dermal splits are due to tissue sectioning artifact). Thermally induced collagen hyalinization changes the collagen fibers to a dark-staining, glassy (hyaline), amorphous zone at the surface (large arrow points to blue-staining boundary). The normally diagonal hair shaft (arrow head) is pushed upright by contraction of thermally denatured dermal collagen. Cell shrinkage is not identifiable at this magnification. (H&E stains. Original Magnification: 312. Bar = 100 m.)
images were recorded with a Super VHS recorder and digitized and processed on a personal computer equipped with a frame grabber.
After completion of the experiments, the rats were sacrificed according to procedures stated by The University of Texas at Austin Animal Care and Use Committee. The rat pelts were removed en bloc, pinned to a support block, and fixed in 10% buffered formalin. Two representative samples for each set of irradiation parameters were processed for paraffin sectioning; these included a complete cross section of the irradiated region and adjacent normal skin. The 5-m-thick sections ( per sample) were stained with hematoxylin and eosin (H&E) and Masson's trichrome stains for light (LM) and transmission polarizing microscopy (TPM). The following histologic markers of thermal damage were evaluated: 1) epidermal fragmentation and loss; 2) epidermal and dermal vacuolization due to tissue water vaporization; 3) cell and nuclear shrinkage, spindling, and hyperchromasia; and 4) collagen thermal coagulation changes including hyalinization and birefringence loss (Fig. 3) .
Water-vapor vacuoles form in tissues as temperatures approach 100 C. Rapid expansion of superheated steam in the vacuoles will cause explosive fragmentation and loss of desiccated tissue ("popcorn" effect). Individual cell desiccation and thermal coagulation of the cytoskeleton are responsible for cellular shrinkage, spindling, and hyperchromasia. Hyalinization (glass-like appearance) is thermally mediated collagen transformation from distinct fibers to an amorphous sheet of denatured protein. Thermal collagen denaturation also causes loss of the bright birefringence image of native collagen when observed with TPM. All of these histologic changes reflect thermal injury [27] .
A zone of collagen hyalinization that stained with a bluish cast in the H&E slides formed the only distinct, measurable border in the dermis. Thermal damage depths marked by this border were measured from the epidermal/dermal junction using a calibrated eyepiece reticule.
III. RESULTS
The mean peak temperatures measured during the raster scans reflect similar trends for both radiant exposures of 2.4 and 3.9 J/cm2 (Table II) . Using a -test, the mean peak temperatures measured during the first and second pass were determined to be equal for 2.4 J/cm for 3.9 J/cm whereas the peak surface temperatures measured during the third pass were greater than those of the second pass lesions ( for both radiant exposures). Representative examples of the thermal camera images for each of the three passes are shown for equal to 2.4 J/cm (Fig. 4 ) and 3.9 J/cm (Fig. 5) . The relatively large thermal camera ranges used to obtain peak temperature data from the images depicted in Figs. 4(a) and 5(a) restricted the temperature resolution. Therefore, native sites were irradiated and a second set of images recorded using reduced temperature ranges to resolve small temperature increases at the expense of saturating at high temperatures images illustrate the temperature decay due to passive skin cooling. A distinct cracking sound was heard during the first pass for both radiant exposures but was noticeably louder for the 3.9 J/cm pulses. After the first pass, a layer of powdery white debris was seen on the surface of the skin. No char formation was visible on the skin surface.
During the second pass, visible skin contraction occurred immediately after impact of the laser pulses. After irradiation with 2.4-J/cm pulses, focal regions of dark, desiccated tissue were visible; with the 3.9-J/cm pulses, the irradiated areas were covered predominantly with dark, desiccated tissue.
After the third pass, the surface of the skin irradiated at 2.4 J/cm was covered uniformly with brown desiccated tissue, whereas the sites treated at 3.9 J/cm appeared dark brown with small (approximately 1 mm in width) focal regions of black char tissue.
Thermal images of irradiated skin recorded 33 ms [ Fig. 6(a) ] and approximately 14 s [ Fig. 6(b) ] after the cessation of irradiation show that temperatures remained elevated for durations on the order of seconds. Skin temperatures just prior to the second and third passes are presented in Fig. 7(a) and (b) , respectively. Focal regions with temperatures below baseline ( 25 C) were observed. The magnitude of the subnormal temperatures could not be determined from these images; the white false color represents regions of the target with temperatures below the lowest camera range value ( 21.4 C in this case). The depth of thermal damage demarcated by dermal collagen hyalinization was measured from the lesion surface (Table III) . For a radiant exposure of 2.4 J/cm , the mean depth of thermal damage after the second pass was greater than the value after the first pass . However, no statistical difference was found between the second pass and third pass lesions . On the other hand, for a radiant exposure of 3.9 J/cm , the thermal damage depths measured after the first pass and after the second pass were equal , but the thermal damage depth after the third pass was greater than that after the second pass The thermal damage measurements of three-pass, 2.4 J/cm lesions were comparable to one pass, 3.9 J/cm lesions . In general, thermal damage was found in all lesions with the severity and extent increasing with radiant exposure and number of passes (Fig. 8) . Water vapor vacuoles and fragmented detachment of the epidermis were present in all lesions with greater epidermal loss in the multiple-pass, higher energydensity lesions. Likewise, the number, size, and extent of dermal steam vacuoles, which were present in all lesions, ranged from a few small, scattered vacuoles in the onepass, 2.4 J/cm lesions to multiple 30-m-thick zones of vacuoles in the three-pass, 3.9 J/cm lesions. Epithelial cell shrinkage, spindling, and hyperchromasia were found in the epidermis and superficial adnexa, but no measurable borders were present. These injuries extended deeper into the adnexa with increasing pass number and radiant exposure. Some thin focal patches of collagen birefringence changes, which occur at higher temperatures than hyalinization, formed in some lesions, but were not measurable. After each of the three passes at 2.4 J/cm , hyalinization was present in patches along the lesion surfaces. It was sometimes difficult to distinguish between coagulated and normal tissue. At 3.9 J/cm , the band of hyalinization was fairly uniform after each pass.
IV. DISCUSSION
Ablation of skin with CO laser pulses has been studied in several laboratories [15] , [22] , [28] . Walsh et al. [22] The ablation depths at low radiant exposures reported by Walsh et al. [22] are average values for a sequence of 130 pulses.
When ablation occurs, energy provided by the laser pulse must go to: 1) an increase in local tissue temperature; 2) increases in pressure due to tissue water superheating; 3) latent heat of vaporization; and 4) losses associated with heat conduction and the kinetic energy of ablation ejecta.
If all of the energy associated with produces sensible heat and there is no heat conduction, the surface temperature associated with the 1.09-J/cm ablation threshold is using (1) and the parameters given in Table I . Threshold temperatures greater than 100 C indicate tissue-water-vapor superheating and local pressure increases [29] .
The mean peak surface temperatures measured during the first pass (Table II) are higher than . Although the results of this study are insufficient to derive a complete energy balance, qualitative explanations may be useful. Some of the absorbed energy raises the pressure of superheated vapor, increasing both the boiling temperature and the maximum achievable temperature.
Walsh et al. [22] irradiated a single spot with multiple pulses; in this study, single pulse was directed to a selected site per scan. As explained in the following section, incidents of pulse overlap occurred during each scan, resulting in increased measured peak temperatures beyond .
A. Pulse Stacking
The time needed for the skin to cool after the three 3 cm 3 cm raster scans was on the order of seconds (Fig. 6) . The targeted area was divided into 100 disjoint 3 mm 3 mm subareas. Ideally, each subarea received a single pulse, and the subsequent cooling time would be on the order of 20-40 ms [30] which is consistent with a diffusion time of 700-900 s for CO laser irradiation of normal tissue. The operator attempted to move the laser in a continuous sweep across the area to minimize overlapping pulses, but superposition of the temperature fields was clearly visible during analysis of the thermal images.
Further evidence of pulse stacking is that during each scan, a wide range of peak temperatures was noted. Some of the peak temperatures shown in Figs. 4(a) and 5(a) have magnitudes which differ by more than one standard deviation from the mean peak values recorded during the raster scans (Table II) . We were not able to achieve a consistent measured temperature with each pulse because of the pulse stacking. In reality, the overlapping of pulses led to a wide range of temperatures and regions that required long periods of time [several seconds, as seen in Fig. 6(b) ] to return to a baseline temperature.
B. Thermal Response of Skin
CO laser ablation of skin is considered to be largely water dominated [26] , [29] , [31] - [33] . Although water has a boiling point of 100 C at atmospheric pressure, peak surface temperatures well above 100 C were measured in this study; this was due to the rapid superheating of the intracellular water vapor and tissue desiccation. Temperatures associated with ablation are not confined to the boiling temperature of water at atmospheric pressure [29] , [31] , [33] .
After the first pass, the 5-m thick stratum corneum, which is the skin's main barrier against evaporative water loss [22] , [34] , was removed and the underlying tissue dehydrated. Another mechanism of water loss was the ablation of water itself; the tissue water served as the target chromophore during CO laser irradiation and eventually boiled off or vaporized during the explosive ablation event. Water evaporation and vaporization led to a decrease in skin water content, and hence target chromophore content; thus, the absorption coefficient decreased and penetration of the laser light increased after ablation had been initiated (2).
The measured peak temperatures during scans (Table II , Figs. 4 and 5) increased very little from the first to the second pass but increased significantly from the second to third pass. The surface of the skin was wiped after the first pass but not after the second pass. Wiping the skin with saline-soaked gauze served to rehydrate the underlying desiccated layers of tissue; the importance of this action will be discussed below.
Although the mean peak temperature measured during the second pass was similar to the value measured during the first pass for both radiant exposures, the peak temperature increased with radiant exposure. The increase in temperature with radiant exposure above the threshold for ablation suggested that a portion of the heat of ablation was sensible heat. The experimentally determined heat of ablation by Walsh et al. [22] of 4.26 kJ/cm was almost twice the latent heat of vaporization of water of 2.25 kJ/cm .
If the heat of ablation for the first and second passes are constant and (1) is a valid approximation of the temperature response, then the quantity must be unchanged for the temperature between passes to remain approximately constant.
A lowering in local water content decreases (Fig. 1) , which implies that the measured peak temperature between the first and second pass should decrease. By wiping the tissue with saline-soaked gauze after the first pass, the underlying tissue is rehydrated, and the resultant tissue water content during the second pass may be similar to the tissue water content during the first pass. If such is the case, then the peak temperature rise will be similar for the first two passes.
The absence of wiping after the second pass suggests that the peak temperature measured during the third pass should be lower than that measured during the first two passes because the skin was not rehydrated by saline or by any other means. However, our results indicate a marked increase in the measured maximum temperature.
This increase in radiometric surface temperature is related to char formation, which represents burning of tissue and formation of microregions of charcoal. It is known that complete desiccation of skin may result in the formation of char, and there is evidence that this phenomenon is associated with superheating of nucleation sites. Video imaging by Verdaasdonk et al. [32] and thermal imaging by Torres [35] indicate nucleation sites that reach 350 C and ignite during CW argon laser ablation of aorta.
The char that formed had a higher absorption coefficient than that of skin, which resulted in greater absorption of incident laser light [33] . Chylek et al. [36] performed studies on mass concentration of carbon particles in the atmosphere. Using 10.6-m radiation, they derived the following equation for the specific absorption coefficient [m /s] of carbon as a function of the volume fraction of carbon particles in the atmosphere (9) where and are empiricall determined constants By assuming that char consists completely of solid carbon, thus, m /g for char. Ishimaru [37] described the following relation for determining if is known (10) where is the molar concentration [mol/L] of the substance of interest. By using the char assumption stated in the previous paragraph,
. Assuming that the density of char is approximately that of amorphous carbon g/cm [38] ), a char absorption coefficient of 1053 cm results, which is almost twice the value of the absorption coefficient of native skin (Table I ). The same absorption coefficient can be calculated using (9) and the equations presented by Hale and Querry [39] .
The density of charred tissue is approximately one-half the density of native skin g/cm [40] , and the specific heat of char has been estimated to be 0.67 J/g C [41] , or nearly six times less than the specific heat of normal skin (Table I) . A decrease in the heat capacity (equal to results in a corresponding decrease in the amount of volumetric heat deposition [J/cm required to increase the tissue temperature by 1 C. The heat capacity of char J/cm C) is approximately ten times less than the heat capacity of normal skin (3.52 J/cm C). Thus, there will be a rapid increase in temperature for a given amount of heat deposition. If the tissue has been dehydrated by previous laser pulses, energy previously required for water vaporization heats the tissue to excessive temperatures of approximately 350 C. This decreased heat capacity results in a corresponding lowering of thermal diffusivity [ Fig. 9 , increased thermal relaxation time (4)], and prolonged periods of increased temperatures.
Thus, in these experiments, desiccated or charred tissue at the surface after the second pass acted as a heat reservoir for subsequent irradiation, which led to a significant increase in tissue surface temperature and finally to an extended zone of thermal necrosis. We hypothesize that the increase in peak surface temperature observed between the second and third passes was due to the presence of desiccated tissue that was not removed prior to the third pass. Rehydration of the skin surface after each pass would minimize or avoid excessively high peak temperatures and subsequent large thermal damage zones.
The relationship between thermal conductivity and tissue water content calculated using (3) is shown in Fig. 10 . The decrease in local thermal conductivity due to tissue dehydration has been noted in previous studies [29] , [31] , [32] . The observed peak temperatures follow closely the events associated with a decreasing thermal conductivity: as the thermal conductivity decreases, the heat conduction rate to the surrounding tissue decreases, and continued irradiation leads to a rapid increase in the surface temperature until burning and charring events occur [29] .
Surface temperatures were monitored prior to each scan. Before the second and third passes, the temperatures of certain regions of the irradiated area were below the baseline temperature of 25 C (Fig. 7) . This temperature depression was noted also by Harris et al. [16] during thermal camera measurements of in vivo human facial resurfacing. They attributed this phenomenon to the loss of the stratum corneum and subsequent evaporation of extracellular water, which resulted in convective heat loss at the tissue surface. Jaffe and Walsh [34] monitored the surface water flux with an evaporimeter after laser-and scalpel-induced lesions and correlated the decrease in water flux with the reepithelialization of the wounds and found the two measurements to be in good agreement. Thus, quantitative measurements of water flux through the surface of the skin after CO laser resurfacing may provide important insights into the dynamics of CO laser wound healing.
C. Tissue Removal
The results of Walsh and Deutsch [22] suggest that a radiant exposure well over 20 J/cm would be required to remove the complete epidermis (65 m) with the first laser pass; clinically, radiant exposures range between 3.5-7.1 J/cm [15] . Thus, ablation cannot be the only mechanism involved in determining the total resurfacing depth.
In this study, ablation depths at low radiant exposures could not be identified conclusively from an acute histological analysis; removal of epidermal tissue may have been due to tissue dehydration effects, ablation, or both. Ultimately, the injured tissue sloughs off, and the depth of damage is determined in chronic wound healing studies [42] . However, the results of our study indicate that three passes of 3.9 J/cm did not remove the epidermis entirely even after wiping with saline-soaked gauze. This is in stark contrast to studies detailing complete epidermal removal after the first pass and subsequent removal of dermal tissue with additional passes [13] , [43] , [44] .
Wiping the skin with saline-soaked gauze after the first pass may remove all or part of the dried, fragmented epidermis that has detached from the underlying dermis. Using low radiant exposures, a natural split at the dermal-epidermal junction can be induced [2] . The values necessary to induce this split are heretofore unknown, but if this cleavage of the junction occurs with clinically used radiant exposures, then removal of the epidermis with gauze would be relatively easy. However, in our experiments, this natural split was not observed.
D. Collagen Contraction
Optimal laser parameters can be accurately determined only if the actual mechanisms underlying CO laser skin resurfacing can be elucidated. Heat-induced collagen contraction is probably one mechanism. During the second pass, we have observed a definite contraction of the skin. Contraction has been associated with gross observations of ablation of the dermal portion of skin [4] , but thermally induced collagen contraction is due solely to denaturation of collagen proteins and dehydration of the tissue.
A study by Lask et al. [17] has examined the use of cryogen spray cooling and laser irradiation for inducing collagen contraction in the dermis without removing the epidermis. The results of our study have demonstrated that collagen contraction is possible without removing the entire epidermis. Collagen contraction is estimated to occur at temperatures of 55 C-62 C [45] and results in tissue contraction. Therefore, heat conducted from the irradiation site to the dermis probably is responsible for the perceived contraction of the skin.
V. CONCLUSION
In summary, during clinically based raster scans of pulsed CO laser skin irradiation, peak temperatures approaching 400 C were measured. The importance of wiping with wet gauze after each pass was stressed; the moisture from the gauze rehydrated the underlying surface layer and thus partially restored the target chromophore at 10.6 m. Although the time between pulses was greater than the thermal relaxation time of the skin, temperature superposition effects were apparent due to pulse stacking during laser skin resurfacing scans. The net result of elevated temperatures was an extended zone of thermal necrosis, which could lead ultimately to an increased risk of scarring and delayed wound healing.
It is extremely important that the clinician chooses an appropriate repetition rate to avoid pulse overlap. Lasers equipped with computer-pattern generators operate by overlapping pulses during a single scan; the ablation rate and thermal damage zones of these lasers require further study.
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